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INTRODUCTION 
The costs of adding inorganic fertilizers to produce higher and successive 
yields from the same or smaller sections of land has forced growers to look for 
less expensive forms of fertilizers. Ammonium fertilizer provides a source of 
nitrogen which is available at a low cost. 
The practicality of using ammonium fertilizers is offset by at least two 
disadvantages. Previous experiments revealed that ammonium nutrition in 
an acidic medium produced a toxic effect in certain plants while nitrogen 
was evolved as ammonia gas under alkaline conditions. Volatilization 
increases the cost of nitrogen per pound applied and decreases the amount 
of nitrogen available for plant growth. 
This study was designed to evaluate the effect of three factors on the 
volatilization of nitrogen as ammonia gas. The three factors are: 
1) The rate of nitrogen application 
2) The pH of the soil 
3) The presence or absence of plants in the soil 
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LITERATURE REVIEW 
Plants, like all organisms, require nitrogen for their growth and 
reproduction. Nitrogen, one of the major macronutrients applied in 
commercia1 fertilizers, is a constituent of all proteins, many metabolic 
intermediates involved in synthesis and energy transfer, and of the 
deoxyribonucleic acids making up the genetic code (1, 33). 
Inorganic nitrogen fertilizers were made commercially available for 
wide usage around 1930 (56). Sodium nitrate was by far the dominant 
source of fertilizer nitrogen for the first fifteen years; thereafter, more 
concentrated ammoniacal fertilizers, such as ammonium nitrate, urea, 
anhydrous and aqua ammonia, and ammonium phosphates, became the 
leading sources (46). Of these, ammonium nitrate was the leading source 
in the 1950's, but it has been replaced in the top position by anhydrous 
ammonia and nitrogen solutions (47). 
The production of nitrogen synthetically has significantly reduced the 
cost of nitrogen. Anhydrous ammonia is the leading source of synthetic 
nitrogen fertilizer and is applied to the soil at the rate of 1.7 million tons 
per year (29). The use of ammoniacal fertilizer has stimulated interest in 
the chemical and physical modifications occurring when applied to the 
soil. 
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Fate of Applied Ammonium Nitrogen 
Mineral soils contain three major forms of nitrogen (a) organic nitrogen, 
(b) ammonium nitrogen fixed by different clay minerals, and (c) soluble 
inorganic nitrogen, primarily ammonium and nitrate compounds. In the 
course of a year there is considerable intake and outgo of nitrogen in all 
soils. The many complex transformations of largely biochemical reactions 
constitute what is known as the nitrogen cycle. At any one time, most of 
the nitrogen in soils is immobilized in organic combination and as such is 
not available for plant growth, leaching, or gaseous loss (5, 26, 42). 
About half of the organic nitrogen is in the form of amino compounds, and 
the form of the other half of organic nitrogen is unknown. Microbial 
activity releases only 2 to 3% of the organic nitrogen per year (1 7, 62). 
This is why the additions of chemical fertilizers make up an increasingly 
important source of nitrogen for plant growth. Ammonium nitrogen applied 
to the soil is utilized in the following ways: (1) Assimilated by higher plants; 
(2) consumption and transformation by microorganisms; (3) fixation by clay 
minerals; (4) volatilization from the soil as ammonia gas. 
Utilization by Higher Plants. Nitrogen is a potent nutrient element 
that shows a very marked and rapid effect on plants and should be conserved 
and carefully regulated to produce desired qualities in agricultural crops. 
Plants receiving insufficient nitrogen are stunted in growth and possess 
restricted root systems and yellow or yellowish-green leaves that tend to drop 
off (45) . Becauseof the immediate effect nitrogen hason plants, higher applications 
than are necessary are sometimes applied. 
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Plant species exhibit different tolerances to ammonium nutrition (51, 56). 
In many higher plants the application of ammonium as a source of nitrogen 
leads over prolonged periods of time to physiological (37) and morphological 
disorders (71). These disorders are observed as chlorosis of the leaves, 
restricted growth, necrotic spots, and in some cases death (10, 11, 14, 50, 51). 
Intracellular free ammonium is maintained at a low level by normal plant 
metabolism (66). Because higher applications of nitrogen than necessary are 
sometimes made, the metabolic process of higher plants are upset. Investigators 
have found that depletion of carbohydrate reserves occur as the plant incor¬ 
porates the free ammonium ion into nontoxic forms at the expense of other 
compounds necessary for cellular metabolisms (36, 73, 74). 
Barker et al.(9, 50) observed stem and leaf lesions in tomato plants with 
excessive ammonium nutrition. Maynard et al. (51) found that beans, sweet 
corn, cucumber and pea plants were susceptible to ammonium toxicity when 
cultured on high amounts of ammonium nitrogen. 
Barker et al. (12) found that seed germination of cucumbers were totally 
inhibited by high concentrations of ammonium salts, while partial inhibition 
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of germination occurred with low concentrations of ammonium salts. 
The symptoms of ammonium toxicity, yellowing and necrosis, indicate a 
disruption of chloroplasts. Krogmann et al. (44) showed ammonium to be an 
effective, reversible uncoupler of photosynthetic phosphorylation at 6 X 10 ^ 
to 4X 10"^M. Puritch et al. (64) found photosynthetic inhibition to be 
correlated with a degeneration of chloroplastic membranes. 
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The toxic effect exhibited by many higher plants when cultured on 
ammonium nitrogen is a major disadvantage of ammonium fertilizers. Many 
research workers have emphasized the importance of pH stabilization when 
ammonium is the nitrogen source (10, 11, 35, 64). Soils or artificial media, 
unless we 11-buffered, become acidic if ammonium is the major source of 
nitrogen. Maynard et al. (51) found that nutri int solutions with ammonium 
salts as the nitrogen source became extremely c cid as the plants extracted 
ammonium ions from the solutions. Riley et al. (65) have shown that when 
nitrogen was absorbed as ammonium, cation uptake exceeded anion uptake 
and hydrogen ions were released to balance the charge. The pH change is 
influenced by the rate of cation to anion absorption by the roots (41). 
Sheat et al. (66) found that the optimum pH for growth of cultured 
excised roots was 7.0 to 7.2 when ammonium was the nitrogen source. 
It was maintained that a pH value of 7.0 promotes growth of roofs on 
ammonium; hence, a larger root system can assimilate more ammonium 
into nontoxic amide and amino acids, and more shoot growth can occur 
because the toxic concentrations of ammonium have been alleviated. 
Barker et al. (10, 11) found that in the absence of pH control the ammonium, 
amide, and amino acids accumulation was very high in the leaves of beans. 
They suggested that the beneficial effects of acidity control were associated 
with organic nitrogen transformations within the root tissue. Turchin et al. 
(73) using isotopic nitrogen found rapid utilization of entering mineral 
nitrogen for synthesis of amino acids in roots of young oat plants. Bollard (15) 
found that considerable assimilation of inorganic nitrogen took place in the roots 
and was transported to the shoots in the organic form. Barnes (7) found the same 
conditions existing in pine trees. Other investigators have found evidence 
supporting the active participation of roots in nitrogen metabolism with barley 
seedlings and the field pea (27, 60). 
Microbial Utilization. A wide range of microorganisms are in direct 
competition with higher plants in the utilization of ammonia. Micorrhizal 
fungi (31) are able to absorb ammoniacal nitrogen and make it available in 
some form to their host. 
Microbial mineralization of organic matter results in the conversion of 
organic nitrogen to nitrate through a process of ammonification and then 
nitrification (17, 35). Ammonification is the hydrolysis of the proteins and 
nucleic acids with the liberation of amino acids and organic nitrogenous 
bases, respectively (22, 61). Ammonification may be indicated as follows: 
R-NH2 + HOH <$> R-OH + NH3 + Energy 
2 NH3 + H2C03 <S> (NH4)2C03 2NH^ COf 
Nitrification is the process of converting ammonia to nitrate. This is 
accomplished by two highly specialized groups of obligately aerobic, 
chemolithotrophic bacteria. The Nitrosomonas group oxidizes ammonia to 
nitrate, while the Nitrobacter group completes the transformation by converting 
nitrite to nitrate {18, 20). These enzymic changes may be indicated as follows: 
NH4 + 3 02 -$> 2 N02 + H20 + 4H+ + Energy 
—2NOg + Energy 2N02 - 02 
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Loss of nitrogen from the soil-root zone can occur principally through leaching 
and runoff when nitrogen is in the form of nitrite and nitrate (57, 58, 72). 
Ammonium Adsorption and Fixation. Silicate clays are dominant in most 
developed agricultural regions of the world. The minute silicate clay colloidal 
particles, which are referred to as micelles, ordinarily carry a negative charge 
(48, 53). This negative charge accounts for most of the absorbing capacity of 
clays. 
There are at least two ways to account for these negative charges associated 
with silicate clay particles. If an atom of one valence substitutes for an atom 
of higher valence within the clay crystaline lattice, an unsatisfied negative 
valence is developed, creating an adsorptive site (2, 54). This ionic sub¬ 
stitution is not dependent on pH and is commonly referred to as a permanent 
charge. 
The second type of adsorptive site is the unsatisfied valences at the 
broken edges of the silica and alumina sheets and the oxygen and hydroxyl 
groups on the flat external surfaces. These groups usually pick up a hydrogen 
which is held loosely and is readily exchangeable for a cation. These sites 
are pH dependent, holding the hydrogen tightly in moderate to strongly acidic 
soils, while in neutral to alkaline soils the hydrogen is readily replaced by 
other cations (13, 34). 
Three major groups of silicate clays are now recognized: (1) Kaolinite, 
(2) montmorillonite, and (3) the hydrous micas, of which illite is representative 
(13). Swanson et al. (72) found that illite was the predominant clay mineral 
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of the soils in the central lowlands of Connecticut and Massachusetts. Chlorite, 
gibbsite, montmorillonite, and kaolinite were found in decreasing order. Because 
illite contains a nonexpanding 2:1 type lattice, water and cations are prevented 
from moving into the space between units with the ease that they can move into 
a 2:1 expanding lattice type (13). 
The clay minerals with a 2:1 type structure that have the capacity to fix 
ammonium ions are vermiculite, with the greatest capacity, followed by illite 
and montmorillonite. Here ammonium ions are apparently the right size to fix 
into cavities between crystal units, becoming a rigid part of the crystal (3, 4, 
69, 75). 
The fixation of ammonium in the crystal lattice holds the ion in a non¬ 
exchangeable form from which they are slowly released to higher plants and 
microorganisms. The dynamic equilibrium existing between the various forms 
of ammonium in the soil can be represented as follows: 
NH 
soil solution 
<e-> 
NHJ 
exchangeable 
NH! 
fixed 
The clays of surface soils usually carry an appreciable mixture of humus. 
Humus is not a specific compound, nor does it have a single structural makeup. 
Carboxylic and phenolic groups are the major sources of negative charges on 
humus colloids (20, 38). Anhydrous ammonia or other fertilizers which contain 
free ammonia or which form it when added to the soil can react with soil organic 
matter to form compounds which resist decomposition (44). It is suspected that 
ammonia is fixed to organic matter by aromatic compounds and quinones (18). 
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Ammonia Volatilization. Ammoniacal nitrogen fertilizers, except for 
ammonia volatilization, are subject to sizable loss only after nitrification to 
nitrite and nitrate. Allison (5) reported fertilizer use efficiency is only about 
50% under many soil and cropping conditions. If nitrogen fertilizer can be 
maintained in the ammonium form for extended periods of time, the fertilizer 
use efficiency might be increased through enhanced nitrogen uptake. 
Rapid osses of gaseous nitrogen have been reported after application of 
urea or ammonium fertilizers. If drainage is restricted or if the fertilizers are 
not well incorporated into the soil, one might expect substantial losses of 20 to 
40% of annually applied nitrogen (39, 49, 67). Allison (6) showed a loss of 
10 to 20% of the nitrogen applied, while Bracken et al. (16) showed even 
greater losses with field experiments in a dryland area. 
There are several environmental factors that affect the volatilization of 
ammonia from the soil. Ernst et al. (32) studied the effects of temperature, 
rate of drying as determined by relative humidity, initial soil moisture content, 
depth of mixing into the soil, method of application, and soil reaction on the 
rate of ammonia volatilization from the soil. Using urea as the nitrogen source 
they found that an increase of 15 °F produced highly significant increases in 
volatilized ammonia. Doak (28) and Volk (74) reported temperature to have a 
direct effect on ammonia volatilization. Wagner et al. (75) found that volatile 
losses from urea were greater at 25 °F than 10°F for the first two weeks; then 
more ammonia was lost at the lower temperature. They concluded that 
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nitrification was inhibited at the lower temperature, maintaining a higher 
ammonia concentration in the soil over a longer period of time. 
Martin et al. (49) observed loss of ammonia when samples were aerated with 
dry air and thus were losing moisture. Jewitt (40) reported that a drying process 
in the soil, not the initial soil moisture content, was responsible for the loss of 
ammonia from ammonium sulfate fertilized soils. Volk (74) reported a 41% loss 
as ammonia of added nitrogen from urea at one-third field capacity on Lakeland 
fine sand. 
Ernst et al. (32) found that urea diffused through the soil to approximately 
the same extent whether it was topdressed, mixed with the top one-fourth inch, 
or watered into the soil. Mitsue et al. (52) reported a decrease in ammonia 
volatilization as the depth of application increased. 
Chao et al. (24) studied the characteristics of ammonia adsorption of 
acidic, neutral and basic soils. Their results were in agreement with the study 
by DuPlessis et al. (31) of the characteristics of ammonia adsorption by homo¬ 
ionic clays. Mortland et al. (54) established that ammonium is formed from 
ammonia by donation of protons by water and that ammonia has a high affinity 
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for hydrogen ions. Thus, ammonia converted to ammonium via proton pick-up 
could replace exchangeable Al! ! : and H+ ions, utilizing both the adsorptive 
sites of the permanent charge and the pH-dependent charges under conditions 
of higher pH values. This will retard the loss of ammonia due to volatilization, 
and increase the retention of ammonia in the soils containing the exchangeable 
Al+++ and H+. However, in Ca++ and Mg^ bentonite and the neutral and 
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alkaline soils, fhere seems to be a shift in the equilibrium which favors the free 
ammonium ion and a loss of nitrogen due to volatilization of ammonia gas. 
DuPlessis et al. (30) investigated the relationship between pH and ammonia 
equilibria in soils ranging in pH's from 4.5 to 7.2 They found that ammonia 
volatilization was directly related to the initial pH of the soil and increased 
as the pH of the soil was increased. 
Two explanations may be given for the increase in ammonia volatilization 
when the pH of the soil is increased with the addition of carbonates or lime 
oxides. A greater degree of Ca-saturation of the soil exchange complex with 
increasing pH, reduces the number of sites available for ammonium adsorption 
and fixation. With an increase in pH, an increase in the hydroxyl activity 
occurs, shifting the equilibrium to the right in the following equation: 
NH4 + OH" = NH3(gas) + HjO 
Other investigators have reported an increase in ammonia volatilization with 
increases in the soil pH (25, 68). 
It has also been found that increased nitrogen application to the soil 
stimulated ammonia volatilization (23). Parr et al. (59) found that an increase 
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in the amount of applied anhydrous ammonia was related to the amount of 
nitrogen loss through volatilization. DuPlessis et al. (30) reported that an 
increase in the concentration of ammonium, applied as ammonium sulfate, 
stimulated ammonia losses from fine-textured soils at pH's ranging from 4.5 
to 7.1 
Conclusion. The fate of ammonium nitrogen as well as the advantages and 
disadvantages of its use has been summarized in the preceding paragraphs. 
Within certain limits, most crops can absorb and assimilate either ammonium 
or nitrate to satisfy their nitrogen requirements. Nitrogen is one of the major 
plant constituents which may not be present in adequate amounts in the soil. 
Thus, the addition of nitrogen to the cropped soil has become an agricultural 
practice. 
Ammonium applied to the soil of agronomic and horticultural crops may 
be lost through several avenues. If the ammonium is converted to nitrate by 
soil organisms, loss of nitrogen can occur principally through leaching. 
The formulation of ammoniacal fertilizers with chemicals to inhibit nitrification 
has proven to be an added expense in ammonium application. However, 
inhibitors are present that maintain the applied nitrogen in the ammonium 
form. 
Nitrogen maintained in the ammonium form is lost mainly through ammonia 
volatilization. The quantity of ammonia lost seems to be dependent upon the 
pH of the soil and the rate of nitrogen application. Ammonium is maintained 
in the root zone due to adsorption and absorption by the soil. Both mineral 
colloidal material and organic matter have a nit negative charge and, 
therefore, attract and adsorb ions such as ammonium. Certain soil minerals 
have been shown to entrap ammonium ions within the crystal lattice. 
This ammonium is not exchangeable and is termed fixed ammonium. 
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Many of the soil -N interactions have been observed and investigated in 
laboratories and in the field. Toxic symptoms exhibited by higher plants 
cultured on ammonium nutrition have been shown when the pH of the soil is 
acidic. As the pH was adjusted to neutrality, the toxic symptoms observed 
disappeared. Though the toxic symptoms of many plants can be corrected by 
adjusting the soil pH to neutrality, volatilizction of ammonia has been shown 
to occur at this pH range. 
The effect of pH, rate of nitrogen application with and without the 
presence of plants in the soil medium at the time of ammonium fertilizer 
application needs to be investigated. The purpose of such an investigation 
would be to determine if significant portions of applied ammonium were 
being volatilized in the pH range of most soils that are cropped in the 
United States. This should be determined over a wide range of nitrogen 
application to observe the effect of rate of nitrogen application on ammonia 
volatilization. The effect of a slow and fast growing crop in reducing 
ammonia volatilization due to their presence in the soil at the time of 
nitrogen application needs to be investigated. The above mentioned areas 
of needed investigation were carried out and the results presented in the 
following sections. 
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MATERIALS AND METHODS 
Plant and Cultural Practices 
Corn and tomato seedlings were used in this study because of their agronomic 
and horticultural significance. The scientific names and commercial variety of 
the plants used are listed below: 
Zea Mays indentata, Bailey, cv. DeKalb-29 
Zea Mays rugsa, Benaf., cv. Sugar and Gold 
Lycopersicon esculentum. Mill., cv. Heinz 1350 
Corn seedlings were germinated in 500 or 1000 ml flasks containing 160 or 
320 g of topsoil, respectively. Germination was conducted in a growth chamber 
with a night temperature of 75°F and a day temperature of 85°F. Light was 
administered on a twelve hour cycle. With the appearance of the second true 
leaf, ammonium chloride was applied in amounts of 100-1200 Ib/acre, the 
flasks transferred to an ammonia collection apparatus and greenhouse conditions. 
Tomato seedlings were germinated in a soil mixture composed of soil, peat, 
and sand in the ratio 7:3:2 by volume with the addition of two ounces of 20% 
superphosphate and two ounces of magnesium limestone (28.5% Ca and 4.5% Mg) 
per bushel of potting soil. The tomato seedlings were transplanted into a 500 ml 
flask containing 160g topsoil and allowed to grow for one week in a growth chamber 
with a night temperature of 75°F and a day temperature of 85°F. Light was 
administered on a twelve hour cycle. Ammonium chloride was applied at the 
end of one week in the amounts of 100-1200 Ib/acre, and the flasks transferred 
to an ammonia collection apparatus (Figure 1) and greenhouse conditions. 
Soil Analysis 
Textural Classification of the Soil. A mechanical analysis of a Walpole 
sandy loam soil was performed by the Bouyouccus hydrometer method (80). 
Fifty g of soil and 500 ml of water were placeo in a stainless steel quart mixing 
cup. A 10 ml solution of 1 N sodium hexametaphosphate (NaPOg)^, which 
helped to disperse the soil particles in the water, was added to the mixture. 
The mixture was stirred for ten minutes and then transferred to a 1250 ml 
cylinder. The cylinder was filled with water to the 1130 ml mark with the 
hydrometer in it. The hydrometer was removed and the cylinder inverted 
repeatedly until the contents were thoroughly mixed. The hydrometer and 
thermometer were placed in the upright cylinder and read at the end of 
40 seconds. The mixture was allowed to stand for two hours and the second 
hydrometer and temperature readings were taken. The hydrometer was 
calibrated to give correct readings at 67°F. A correction factor of 0.2g/°F 
was added or subtracted for each degree the temperature of the suspension 
varied from 67°F. 
Determination of Exchangeable Cations. One hundred ml of 1 N ammonium 
acetate were added to lOg of air-dried soil contained in a 250 ml flask. The 
flask was shaken for two minutes by hand and allowed to stand for 24hours. 
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This allowed the ammonium ion to saturate the exchange sites, replacing the 
exchangeable bases present. The contents of the flask were then transferred 
to a small Buchner funnel fitted with moist 5.5 cm Whatman No. 42 filter 
paper and filtered by applying gentle suction. The soil was then leached 
slowly with an additional 150 ml of 1 N ammonium acetate and the extract 
was evaporated to dryness on a hot plate. Ten ml of concentrated HNOg 
and 2 ml o' concentrated HCI were added to the residue. The contents of 
the flasks were mixed gently by swirling and evaporated to dryness in a 150 ml 
pyrex beaker at low heat on the hot plate to remove carbon present in the 
sample. Any remaining carbon was removed by placing the beaker in an 
electric muffle at 150°C and heating to 390°C for 20 minutes. The residue 
was cooled and dissolved with 3 ml of 6 N HCI and evaporated to dryness at 
low heat on the hot plate to dehydrate the silica. The residue was cooled 
and dissolved in 0.1 N HNOg. The solution was then transferred to 100 ml 
volumetric flask and made to volume with 0.1 N HNO3. Ca4-^, Mg++and 
K+ concentrations were determined by atomic absorption spectrophotometry 
Total Cation Exchange Capacity. The excess ammonium acetate was 
washed out of the soil with 200 ml of 95% ethyl alcohol using small portions 
of alcohol and gentle suction. The adsorbed ammonium was extracted by 
leaching the soil with 250 ml acidified 10% NaCI solution. Fifty ml of the 
NaCI extract were added to a Kjeldahl flask and 10 ml of 45% NaOH were 
added slowly. The ammonium contained in the extract was distilled into a 
2% boric acid solution and trapped by the following mechanism: 
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NH3 + HBO3 -> NH4+ + BO3 
The boric acid solution containing the ammonia was then titrated with N/70 
potassium biiodate to determine the quantity of ammonia present in the sample. 
Exchangeable H+. The exchangeable hydrogen was determined by subtracting 
the exchangeable bases, Ca++, Mg'1-1" and K+ from the total exchange capacity. 
Soil Moisture Determinations. A soil sample weighing 100g was transferred 
to a 100 ml graduated cylinder. The base of the cylinder was gently tapped 
until no further settling of the soil occurred. Ten ml of water were added to the 
top of the cylinder and allowed to equilibrate for 24 hours. The percent moisture 
on a dry weight basis was calculated by dividing the weight of the water by the 
weight of soil wetted and multiplying by 100. 
Buffering the Soil 
The soil was adjusted from its original pH of 5.7 to desired pH's by the 
addition of CaO or A^SO^^ to the soil and mixing with a portable cement 
mixer. CaO was mixed with the soil in the amounts of 0.25 to 9 T/acre to 
4)g was mixed with the soil in the amounts 
of 0.5 and 1 j/acre to produce pH's below 5.7. The soil was stored in 
5 gallon containers and the reaction time between the soil and the buffers 
were varied according to need for the soil. 
produce pH's above 5.7. A^SO 
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Applications of Nitrogen Levels 
Ammonium chloride was topdressed to the soil through a pipet in the amounts 
equivalent to 100, 200, 400, 600 and 1200 lb N/2 million lbs soil. The 
application of the ammonium chloride was always in solution form with the 
appearance of the second true leaf of the corn seedlings. The number of corn 
seedlings were thinned to four at the time of nitrogen application. For the 
tomato plants, the time of ammonium chloride application was one week after 
transplanting the seedlings to the soil flask. Due to the difficulty of transplanting 
tomato seedlings into the soil flasks, one seedling was used in the tomato experi¬ 
ments. 
Ammonium chloride in 0.01 M thiourea, a nitrification inhibitor, was added 
to various samples of the treated soil. The quantity of ammonia volatilized was 
then compared in a preliminary experiment. The results indicated no difference 
in the quantity of ammonia volatilized with and without the addition of thiourea. 
In the Results and Discussion section nitrification inhibitors were not added to the 
soil. 
The ammonium chloride solution was allowed to equilibrate as evenly as 
possible under these conditions. Air was then passed over the treated soil and 
the ammonia volatilized at the various pH's and rates of nitrogen application 
was collected and measured by the preceding methods. 
Design of Ammonia Trapping Apparatus 
The apparatus constructed to measure ammonia volatilization losses is shown 
in Figure 1. All soil flasks and ammonia collection flasks were connected by 
1/4" rubber tubing. Air under pressure was scrubbed through a 0.5 N H2$0^ 
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solution and passed into a series of soil flasks. The ammonia gas volatilized from 
the soil flasks was carried by the air stream to a 250 ml collection flask connected 
by 1/4" rubber tubing to each soil flask. A capillary tube was extended into a 
200 ml standardized sulfuric acid solution. The air stream containing the ammonia 
gas passed through the capillary tube into the sulfuric acid where it was trapped. 
The capillary tubes allowed the air to bubble evenly throughout all col lection flasks. 
Trapping the Ammonia Gas 
The ammonia was trapped in the standard sjlfuric acid solution by the 
following mechanism: 
H2S04 + NH3(gas) -> (NH^SC^ 
The ammonia present in the sulfuric acid solution was determined by titration 
of the standard sulfuric acid solution with standardized sodium hydroxide. The 
indicator solution was an ethanolic solution of 0.2% methyl red and 0.2% 
methylene blue mixed in the ratio of 2 :1 (v/v). 
Preparation of Standards 
Potassium biiodate, an acidic primary standard, was prepared in a 0.2 N 
concentration. Potassium biiodate was used to standardize the sodium hydroxide 
each time it was used in the titrimetric determination of volatilized ammonia. 
This prevented errors resulting from contamination of the sodium hydroxide by 
carbon dioxide of the air and silicate contamination by the reaction of sodium 
hydroxide with the glass storage container. Sodium hydroxide was used to 
standardize the sulfuric acid which trapped the ammonia gas. 
Determination of pH 
The measurements of the acidity or alkalinity of the soil suspension were made 
with a Beckman Expandomatic pH meter. Soils were suspended in a 0.01 M 
CaCl2 solution at a 1:1 (w/v) ratio and the pH of the suspension was measured 
with a glass electrode vs. a saturated calomel reference electrode. 
Total Nitrogen Determinations 
Total nitrogen determinations were made from an experiment designed to 
evaluate nitrogen uptake by com plants in the pH range of 5.5 to 7.5 with 
nitrogen applications of 100 to 1200 Ib/acre. Corn seedlings were dried at 
70°C and the fresh and dry weights recorded. The dried plant material was 
then ground in an intermediate Wiley mill to pass a 20-mesh screen. Two 
hundred mg of the dried plant material were analyzed for total nitrogen 
using a modified Kjeldahl method (8). After digestion to remove the organic 
matter, distilled water was added and the plant material placed in ice for ten 
minutes. Fifteen ml of 40% NaOH were added to the digested material. 
Steam was passed into the Kjeldahl flask and distillation was carried out for 
ten minutes. A 2% boric acid solution containing an indicator solution of 
0.2% methyl red and 0.2% methylene blue mixed in the ratio of 2:1 (v/v), 
was used to trap the ammonia distilled from the digested plant material. 
The ammonia present in the boric acid solution was determined by titration 
with N/70 KH(I03)2« bach ml of titrant used was equivalent to 0.1%N. 
The nitrogen concentration was determined for the plant material treated with 
ammonium chloride in the amounts from 100 to 1200 Ib/acre at pH 5.5, 6.5 
and 7.5. The mg nitrogen contained in the plant material was obtained by 
multiplying the %N times the dry weight of the plant material. 
Effect of NH^Cl and Leaching on Soil pH 
A Walpole sandy loam soil with an original pH of 5.7 was limed with CaO 
in the amounts of .1, 2, 4 or 8 tons/acre. The CaO was allowed to react with 
the soil until the pH became stable. One hundred sixty g of soil of each lime 
rate and a control in which no lime had been added were placed in styrofoam 
cups. Four replicates of each lime rate were .reated with ammonium chloride 
in amounts ranging from 100 to 1200 Ib/acre. The soil samples were placed in 
an incubator for one month at a temperature of 27°F. The soil moisture was 
maintained as close to field capacity as possible by addition of water as it 
evaporated. The pH of the soil was then measured and the reduction in the 
original soil pH, due to increased application of ammonium chloride, was 
compared. The soil was leached with 100 ml of water to remove the excess 
ammonium salts and the pH measured. 
Statistical Methods 
I 
Statistical analysis of variance and Duncan's multiple range tests were 
performed by methods described by Steel and Torrie (70). All experiments 
were replicated twice and Duncan's multiple range test was completed on 
the data. Differences were tested at the l%or 5% level of probability. 
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RESULTS AND DISCUSSION 
Determination of Soi I Properties 
The texture, cation exchange capacity, and the organic matter present in 
the experimental soil were determined and compared to results obtained by the 
Soil Conservation Service Department of Massachusetts (63). The particle-size 
distribution obtained by mechanical analysis was 50.6% sand, 45.5% silt and 
4.0% clay. The exchangeable cations H+, Mg++, Ca44* and K+ were found to 
be 3.8, 1.5, 6.5 and 0.7 meq/lOOg of soil, respectively. The cations H4", 
Mg4"4 and K+ were present in the soil in quantities considered to be normal in 
this particular soil. The presence of calcium in the soil in the amounts of 6.5 
meq/lOOg of soil is higher than average, but this soil had been limed with 
3 tons/acre in the past five years. This would have increased the amount of 
calcium present in the soil, accounting for the higher than average calcium 
content. The total cation exchange capacity was 12.5 meq/lOOg of soil. 
This figure was considered average for this soil. The organic matter content 
was found to be 4.7%. Over the past five years this soil had been manured 
and cover cropped; this would account for the above average organic matter 
content. The percent soil water at field capacity was 22.2% by weight. 
In all experiments with the soil, the moisture content was maintained as close 
to field capacity as possible. This was accomplished by adding 5 ml increments 
of water to the soil flasks as needed after an initial adjustment to field capacity. 
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Ammonia Volatilization Without Plants 
pH effect. The results of an experiment designed to test the effects of pH 
on ammonia volatilization are presented in Figure 2 and Tables 1 and 2. One 
hundred sixty g of soil treated with CaO in various amounts to obtain the 
desired pH values were placed in 500 ml flasks. The soil surface area of 
2 
183 cmz was then topdressed with an ammonium chloride solution at the rates 
of 200 to 1200 lb N/acre. 
Most agronomic and horticultural crops in the United States are grown in 
the pH range 5.5 to 7.2. Figure 2 shows an increase in the quantity of 
ammonia volatilized as the soil changed from acidic (pH 5.7) to alkaline 
(pH 8.5). In the range of pH 5.7 to 7.2 the loss of ammonia was less than 
100 Ib/acre over all rates of nitrogen application. Accelerated rates of 
ammonia volatilization began at pH 7.2 and increased rapidly as the soil 
became more alkaline. 
The data of Figure 2 were statistically analyzed and are expressed in 
Table 1 under the heading "Without Plants". The quantity of ammonia 
volatilized at each pH level was significantly different at the 1% level 
when summed over nitrogen applications and compared. 
Table 2 shows the results of an experiment designed to determine the 
quantity of ammonia volatilized as the soil pH increased from 5.0 to 7.4. 
The soil was treated with CaO to produce pH values above 5.7 and A^SO^g 
was used to obtain pH values below 5.7. Three hundred twenty g of soil were 
placed in 1000 ml flasks. The soil surface area of 251 cm^ was then topdressed 
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FIGURE 2 
LOSS OF AMMONIA WITHOUT CORN SEEDLINGS AS INFLUENCED BY pH 
AND NITROGEN APPLICATION 
28 
with an ammonium chloride solution at the rates of 100 to 1200 lb N/acre. 
Ammonia volatilization increased as the pH and rates of nitrogen application 
increased. At pH 7.4 an average of 9% of the total nitrogen applied was 
volatilized as ammonia. The quantity of ammonia volatilized decreased as 
the soil became more acidic, until no detectable loss was observed at pH 5.3. 
As the pH's decreased from 7.4 to 6.4 in Table 2, significant differences 
at the 1% level occurred in the quantity of amnonia volatilized. As the soil 
pH decreased from 6.4 to 5.5, no significant difference in the quantity of 
ammonia volatilized was observed. The pH levels 5.3 and 5.0 show little or 
no detectable loss of ammonia and were significantly different at the 1% level 
from the more alkaline pH's. 
N Effect. The effect of rate of nitrogen application on the quantity of 
ammonia volatilized is shown in Figure 2. A rapid increase in ammonia 
volatilization is realized at pH's above 7.2 as the rates of nitrogen application 
increased from 200 to 1200 Ib/acre. The effect of increased rate of nitrogen 
application on ammonia volatilization is exemplified at pH 7.5. An increase 
of 240 Ib/acre in ammonia volatilization occurred as nitrogen applications 
increased from 200 to 1200 Ib/acre. The effect of rate of nitrogen application 
on ammonia volatilization is not as pronounced at pH values below 7.2. The 
quantity of ammonia volatilized at each rate of nitrogen application was summed 
over a II pH I evels and compared. Significant differences existed between each 
rate of nitrogen application at the 1% level (Table 1). 
A comparison of the quantity of ammonia volatilized at each pH level as 
the rates of nitrogen application increased was made. No significant 
difference in ammonia loss, as the rates of nitrogen application increased, 
occurred at pH 5.7. As the pH of the soil increased, the quantity of ammonia 
volatilized increased until significant differences existed between all rates of 
nitrogen application at pH 8.3. 
The effect of rate of nitrogen application on ammonia volatilization in the 
pH range 5.0 to 7.4 is expressed in Table 2. No significant difference existed 
between the 100 and 200 Ib/acre nitrogen rates. Significant differences existed 
in the quantity of ammonia volatilized at the 1% level as the rates of nitrogen 
increased from 200 to 1200 Ib/acre. 
Relationship of pH and Rate of Nitrogen Application to Ammonia 
Volatilization. Because there is an increase in ammonia volatilization as 
the pH of the soil and rates of nitrogen application increase, a direct relationshi 
is indicated between these factors. This relationship is shown statistically in 
Tables 1 and 2. Significant differences in the quantity of ammonia volatilized 
occurred between all rates of nitrogen application only when the pH of the soil 
was alkaline. This relationship can be explained by the equilibrium proposed 
by DuPlessis et al. (30). They found that ammonia could be volatilized from 
acidic as well as neutral and alkaline soils due to the following equilibrium: 
NH4 + OH —NH3(gas) + H2O 
If the activity of the ammonium ion or the hydroxyl ion is increased, the above 
equilibrium will be shifted to the right, increasing the amount of ammonia 
volatilized. However, if either the activity of the ammonium or the hydroxyl 
ion becomes a limiting factor in the above equilibrium, the ammonium form 
would be favored and ammonia volatilization decreased. In Tables 1 and 2 
the activity of the hydroxyl ion at alkaline pH's makes the ammonium the 
rate limiting factor in the ammonia equilibrium equation. This produced 
significant differences in ammonia volatilization as the activity of the 
ammonium ion increased. At acidic pH values the hydroxyl ion becomes 
the rate limiting factor in the ammonium equilibrium equation. This reduced 
the quantity of ammonia volatilized over all rates of nitrogen application. 
Ammonia Volatilization With Plants 
The experiments reported in Figure 2 and Tables 1 and 2 were repeated 
with corn seedlings present in the soil. This allowed determination of the 
effects of pH, rate of nitrogen application, and the presence of corn plants 
in the soil on the quantity of ammonia lost by volatilization. The results 
of these experiments are presented in Figure 3 and Tables 1 and 3. 
pH Effect. The experimental conditions for the experiment with plants 
are the same as the experiment without plants except four corn seedlings 
(DeKalb-29) were germinated directly in the 500 ml flasks. With the 
appearance of the second true leaf, ammonium chloride in solution was 
topdressed to the soil surface. 
Figure 3 shows the results of an experiment designed to measure the 
ammonia volatilized in the pH range of 5.5 to 7.8. With corn seedlings 
present in the soil, pH values above 8.0 could not be maintained. In the 
pH range 5.5 to 7.2 less than 50 Ib/acre of ammonia was lost by volatilization 
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FIGURE 3 
LOSS OF AMMONIA WITH CORN SEEDLINGS AS INFLUENCED BY pH AND 
NITROGEN APPLICATION 
at all rates of nitrogen application. In this pH range without corn seedlings 
100 Ib/acre of ammonia was volatilized (Figure 2). Accelerated rates of 
ammonia volatilization occurred at pH's above 7.2. 
The data expressed in Figure 3 were statistically analyzed and are expressed 
in Table 1 under the heading "With Plants". Ammonia volatilized at all rates 
of nitrogen application were summed and the effect of pH determined. At pH 
5.7 the quantity of ammonia volatilized was very small. When compared to the 
quantity of nitrogen volatilized at the other pH levels 6.7 to 7.8, significant 
differences at the 1% level were observed. The quantities of ammonia lost at 
pH 6.7 and 7.2 were not significantly different. The quantity of ammonia 
volatilized at pH 7.8 was significantly larger than that volatilized at lower 
pH levels. 
In Table 3 the soil weight was increased to 320g and the flask volume was 
increased to 1000ml. All other experimental conditions for results reported in 
Table 3 are the same as for Table 2. With the appearance of the second true 
leaf of the corn seedlings (Sugar and Gold), ammonium chloride in solution 
was topdressed to the soil surface in the amounts of 100 to 1200 Ib/acre. 
In the previous experiments where 500ml flasks were used, the growth of the 
shoots and roots of the corn seedlings completely filled the growing area of the 
flasks. This necessitated the use of larger flasks for work with com seedlings. 
A comparison of the quantities of ammonia volatilized from 500 to 1000ml flasks 
shows similar trends in ammonia volatilization as the pH and rate of nitrogen 
application increased (Tables 2 and 3). 
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The quantities of ammonia lost as the pH of the soil increased were compared. 
An increase in ammonia volatilization occurred as the soil pH increased from 5.0 
to 7.4. The greater quantity of ammonia was volatilized at pH 7.4 amounting to 
5.5% of the total nitrogen applied. As the soil pH declined from 7.4 to 6.4, 
significant differences in ammonia volatilization at the 1% level of probability 
were observed. As the soil pH decreased from 6.4 to 5.0, ammonia volatilization 
decreased to trace amounts. 
N Effect. As the rates of nitrogen application increased from 200 to 
1200 Ib/acre (Figure 3), a rapid increase in ammonia volatilization occurred 
at all pH values above 7.2. For example, at pH 7.5 an increase of 65 Ib/acre 
in ammonia volatilization occurred when the rates of.nitrogen application 
increased from 200 to 1200 Ib/acre. At pH's below 7.2 an increase in ammonia 
volatilization was realized as the rates of nitrogen application increased; however, 
the quantities lost were much lower at each rate of nitrogen application than at 
the more alkaline pH levels. 
The effect of rate of nitrogen application on ammonia volatilization was 
analyzed statistically and is expressed in Table 1. With corn seedlings present 
« 
in the soil, no significant differences in ammonia loss were found between the 
200 and 400 Ib/acre nitrogen applications. The same was true when the 400 and 
600 Ib/acre rates were compared. Differences significant at the 1% level of 
probability were found between the quantity of ammonia volatilized at the 
200 lb rate and 600 lb rate of nitrogen application. The quantity of ammonia 
volatilized at the 1200 lb rate was significantly different at the 1% level of 
probability from nitrogen loss as all other rates of application. 
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The effects of rate of nitrogen application on the quantity of ammonia 
volatilized with corn seedlings present in the pH range 5.0 to 7.4 were 
statistically analyzed and expressed in Table 3. With the presence of corn 
seedlings in the soil, ammonia volatilization did not increase significantly as 
the rates of nitrogen applications increased from 100 to 200 to 400 Ib/acre. 
The 600 lb nitrogen rate was significantly diffe-ent from the 100 and 200 
Ib/acre rates, but not the 500 lb rate of nitrogen application. The quantity 
of nitrogen volatilized at the 1200 Ib/acre rate of nitrogen application was 
significantly different at the 1% level from all other rates. 
Reduction in Ammonia Volatilization by Corn Seedlings. A comparison of 
the quantities ammonia volatilized in Figure 2 with Figure 3 shows a drastic 
reduction in the amount of ammoia volatilized v/hen corn seedlings were 
present in the soil at the time of nitrogen application. This reduction in ammonia 
volatilization was observed over all pH regimes and nitrogen applications. In 
Table 1 a N average was obtained for the quantity of ammonia volatilized both 
with and without corn seedlings in the soil. Without plants present in the soil 
a mean loss of 169.8 Ib/acre of nitrogen was volatilized. With plants present 
in the soil a mean loss of 36.1 Ib/acre of nitrogen was volatilized. Statistically 
these means were significantly different at the 1% level of probability showing that 
the presence of corn seedlings had reduced the quantity of ammonia volatilized. 
Table 4 shows the reduction in ammonia volatilization over the pH range 6.0 
to 7.5 with the presence of corn seedlings. Corn plants were effective in 
preventing ammonia loss over the entire pH range studied. The influence of 
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TABLE 4 
REDUCTION IN AMMONIA VCLATILIZATICN DUE TO PRESENCE OF CORN 
SEEDLINGS 
lb N Applied'Acre 
200 400 600 1200 
pu Level !b N volatilized without plants - lb N volatilized with plants) 
6.5 26 30 30 50 
7.0 27 27 40 60 
7.5 40 63 145 200 
7.8 63 130 215 310 
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corn seedlings in reducing the quantities of ammonia volatilized became more 
pronounced as the pH of the soil increased. 
Table 5 expresses the quantity of ammonia volatilized in Figures 2 and 3 as 
a percentage of the total quantity of nitrogen applied that was volatilized at 
various pH levels. In the pH range of 5.5 to 7.0, with and without the 
presence of corn seedlings, no significant differences in ammonia volatilization 
occurred. For each half unit increase in pH above pH 7.0 signficant differences 
at the 1% level were observed with and without the presence of corn seedlings. 
The influence of corn seedlings in reducing the quantity of ammonia volatilized 
at alkaline pH's is further exemplified in the pH range 7.5 to 8.0. Without 
corn seedlings almost half the nitrogen applied was volatilized as ammonia, as 
opposed to only 15.6% of the total nitrogen applied being volatilized with corn 
seedlings present. 
From the results of the preceding experiments, it becomes apparent that 
ammonia volatilization is controlled by at lease three factors: (1) the pH of 
the soil, (2) the rate of nitrogen application and (3) the presence of corn 
seedlings in the soil at the time of nitrogen application. The influence of 
pH and rate of nitrogen application can be explained by the ammonia equilibrium 
equation (29). The effect of corn seedlings in this system investigated and the 
results are presented in Table 6, 7 and 10. 
Absorption of Nitrogen by Corn Seedlings. The reduction in ammonia 
volatilization that occurred with corn seedlings present in the soil was 
investigated to determine if the reduction could be attributed to absorption of 
38 
TABLE 5 
AVERAGE PERCENT N LOSS OVER A 7-DAY PERIOD FROM SOILS FERTILIZED 
WITH NH4CI (200, 400, 600, 1200 lb N/ACRE COMBINED) 
pH Range With Plants Without Plants 
8.0 to 8.5 
* 
63 a 
7.5 to 8.0 16 a 47 b 
7.0 to 7.5 4 b 10 c 
6.5 to 7.0 3 b 4 d 
5.5 to 6.0 0 b 3 d 
Means of column not followed by same letter are significantly different at the 
1% level. 
*pH range unable to be maintained over a 7-day period. 
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the ammonium ion by the corn seedlings. Soil treated with CaO giving a pH 
range of 5.5 to 7.5 was placed in 1000 ml flasks and corn seedlings (DeKalb-29) 
germinated in the soil. With the appearance of the second true leaf ammonium 
chloride solutions were topdressed to the soil at rates of 200 to 1200 Ib/acre. 
A control in which no nitrogen was added to the soil was included. The experiment 
was conducted in a growth chamber with the day temperature of 75°F and the night 
temperature 65°F. Light was administered in a twelve hour cycle. 
Symptoms of ammonium toxicity (14) were present on the corn seedlings at the 
600 and 1200 Ib/acre rates of nitrogen application when the plants were harvested 
at the end of the seven-day period. This indicated that the ammonium ion v/as 
being absorbed in quantities great enough to produce adverse effects in the corn 
seedlings. Table 6 shows the percentages of nitrogen found in the roots and shoots 
of the corn seedlings. As the pH of the soil and rate of nitrogen application 
increased, the percentage of nitrogen found in the corn seedlings increased. 
The percentages of nitrogen found in the corn seedlings were summed over all 
nitrogen rates and the effect of pH compared. Significant differences at the 
1% level of probability were found between the percentages of nitrogen found 
in the corn seedlings at the pH 7.5 and the other pH levels. No significant 
differences were observed in the percentages of nitrogen found between the pH 
levels 6.5 and 5.5 of the corn shoots and roots. The percentage of nitrogen 
found in the corn seedlings were summed over pH's and the effect of rate of 
nitrogen application compared. All rates of nitrogen application were 
significantly different from the control, both in the shoots and roots. An 
41 
increase from 200 to 600 Ib/acre of nitrogen produced no significant difference in 
the percentage of nitrogen found in the corn roots. The nitrogen concentration 
found in the roots at 1200 Ib/acre was significantly different from all lower 
nitrogen rates. In the shoots, the percentages of nitrogen found at all nitrogen 
rates were significantly different from the control. The percentage of nitrogen 
found in the shoots of the 200 and 400 and the 400 and 600 Ib/acre rates of 
nitrogen application were not significantly different. An increase in nitrogen 
application from 200 to 600 Ib/acre produced significant difference at the 1% 
level in the percentage nitrogen found in the corn shoots. The rate of nitrogen 
application of 1200 Ib/acre gave significant increases in the percentage of 
nitrogen in the shoots when compared to the lower rates of nitrogen application. 
The nitrogen contents found in the roots and shoots of the corn seedlings of 
each soil flask are expressed in Table 7. The mg of nitrogen found in the roots 
of the corn seedlings did not increase significantly as the pH of the soil or the 
rates of nitrogen applications were increased. An increase in pH did not 
increase the quantity of nitrogen found in the shoots of the corn seedlings 
significantly. To determine the effect of rate of nitrogen application on the 
I 
mg nitrogen in the corn shoots, the mg nitrogen found in the corn shoots was 
summed over pH's and compared. All rates of nitrogen application were 
significantly different from the control at the 1% level. An increase in the 
rate of nitrogen application of 200 to 400 Ib/acre produced a significantly 
greater quantity of nitrogen uptake in the corn shoots. When the 600 and 
1200 Ib/acre rates of nitrogen application effect on nitrogen uptake were 
M
IL
L
IG
R
A
M
S
 
O
F
 N
IT
R
O
G
E
N
 
A
C
C
U
M
U
L
A
T
E
D
 
B
Y
 C
O
R
N
 
S
E
E
D
L
IN
G
S
 
(D
E
K
A
L
B
-2
9
) 
42 
£ x
z
 
X N N 
CN xt xt O' CO 
1 X • • • • • 
r— X r— 00 r— 
•“ CO * CN 
</> 
o N N o £ X X N N _C 
to lo X i— On ■— ■— X • • • • • • . 
c 
to X co a CS CN o O Xt 
<1> O in . n CN a CN a x a 
c > 
<D <u 
9 u. 
_l 
X £ £ £ * 
.'t: CL lo »n On xt CO CO 
7 • • • • • e • 
jC— 
SO X -- On O X 00 
O) •— a CN O T— a CN a •— o ■— a 
X X 
£ £ £ £ X 
in X CO CO CO m r- 
• • • • • • • 
IT) xt r— NO NO 00 
•— a a CN a a X a r— a 
£ £ * £ 
• 
* 
CN xT On m 00 
IX • • • • • 
r— CO CN CO X 
* 
r— 
V) 
"b £ £ £ £ 
o U-) o CN 00 xt On •— 
. • • • • • • 
(/) X o IX. 00 NO On NO c o r— a r— a o •— a 
a 
c > 
<D a) 
CD _i 
O 
X * £ * £ £ 
• — CL in CN o xt On * Xt • 
Z • o On a CO CN4 r-T m X 
D) *— a ■— a 
a •“ a ■— a 
£ 
* £ £ £ 
m m m CN CO 00 
• 
m 
• 
NO 
— a 
• 
On a 
• 
X o 
• 
CN 
a 
• 
00 
a 
CN 
— a 
o o CN xt NO X 
£ 
CO NO On On 
«/) 
<u 
< o O o O O 
a) 
—i 
i 
> O CN 9 O NO o X IX 
Z M
e
a
n
s 
n
o
t 
fo
ll
o
w
e
d
 
b
y
 t
h
e
 s
am
e 
le
tt
e
r 
in
 s
e
q
u
e
n
c
e
 
a
re
 s
ig
n
if
ic
a
n
tl
y
 d
if
fe
re
n
t 
a
t 
th
e
 
1
%
 
le
v
e
l.
 
43 
compared, no significant differences were observed. However, a comparison of 
these rates with the 400 Ib/acre rate of nitrogen application shows a significant 
reduction at the 1% level in the uptake of nitrogen occurred. A decrease in the 
fresh and dry weights of the corn seedlings shoots and roots was observed at the 
600 and 1200 Ib/acre rates of nitrogen application (Table 8). 
A possible explanation for the reduction in weights at the 600 and 1200 
Ib/acre nitrogen levels is an influx of ammonium ions occurred very shortly after 
ammonium application. This would have decreased the growth of the corn 
seedlings due to the ammonium ions effect on the metabolic processes in the 
corn seedlings (10, 14). 
Table 9 shows that an influx of ammonium ions could have occurred during 
the first three days of the experimental period. The average percent nitrogen 
loss over a seven-day period are shown for the experiments of Figure 1 and 2 
with all rates of nitrogen application and pH's combined. Even though the 
total amount of nitrogen volatilized was greater without the influence of corn 
seedlings in the soil, the pattern of nitrogen loss was very similar with and 
without corn seedlings. The largest percentage of total nitrogen lost occurred 
the first day and decreased significantly each day after with and without the 
corn seedlings present in the soil. In Table 4 it was shown that corn seedlings 
reduced the quantity of ammonia volatilized from the soil. If the reduction can 
be attributed to uptake by the corn seedlings, an influx of ammonium ions would 
have occurred the first three days of the experimental period when the largest 
quantity of ammonia was being volatilized. Under these experimental conditions 
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TABLE 9 
AVERAGE PERCENT N LOSS PER DAY OVER A 7-DAY PERIOD 
(ALL RATES OF N APPLICATION AND pH VALUES COMBINED) 
Period With Plants Without Plants 
1st day 35 a 31 a 
2nd day 30 b 25 b 
3rd day lie 16c 
4th - 7th days 6 d 7 d 
Means of column not followed by the same letter significantly 
different at the 1% level. 
46 
a significant portion of the applied ammonium was lost during the first three days 
of the experimental period. It seems that the influx of ammonium ions did occur, 
producing ammonium toxicity at higher nitrogen rates of 600 and 1200 Ib/acre in 
which a reduction in fresh and dry weights was observed. At the lower rates of 
200 and 400 Ib/acre of nitrogen application no toxic symptoms were visually 
present. Thn fresh and dry weights of the corn seedlings increased as the rate 
of nitrogen application increased from 200 to 400 Ib/acre. It seems that the 
nitrogen rate of 400 Ib/acre was the optimum rate for growth, these plants 
having the highest fresh and dry weights (Table 8). 
Table 10 shows that corn seedlings contained nitrogen in amounts larger than 
the difference in ammonia volatilized with and without corn seedlings. Thus, 
because of the presence of corn seedlings in the soil at the time of nitrogen 
application, the efficiency of the ammonium applied to the soil was increased. 
Absorption With Tomato Plants. Table 11 shows the results with Heinz 1350 
tomato plants of an experiment designed to evaluate the effects of a slower 
growing plant on ammonia volatilization. This experiment was conducted in 
the pH range 6.0 to 7.3. This pH range was chosen because in previous 
experiments with com seedlings, little to no detectable loss of ammonia occurred 
at pH values below 6.0, and pH's above 7.3 are more alkaline than most soils 
cropped in the United States. The soil was treated with CaO to obtain the 
desired pH levels. A tomato plant was transplanted directly into a 500 ml flask 
containing 160g of soil. The tomato plant was allowed to grow in the flask for 
one week, at that time ammonium chloride was topdressed to the soil surface in 
amounts ranging from 100 to 1200 Ib/acre. 
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TABLE 11 
EFFECT OF pH, RATE OF NITROGEN APPLICATION AND TOMATO PLANTS 
(HEINZ 1350) ON AMMONIA VOLATILIZATION 
CaO-T/Acre 3 2 1 0.75 
Original pH 7.4 7.2 6.7 6.3 
N-Level Nitrogen Loss Expressed in 1 b/a ere X 
100 16. Ou 0.7 u 1.5 u 1.8 u 6.4 u 
a b b b 
200 15.Ou 16.0 v 4.5 u 2.0 u 9.4 u 
a a b b 
400 33. Ov 29. Ow 4.3 u 3. Ou 17.2 v 
a a b b 
600 62.0 w 37. Ox 5.5 u 4.3u 27.1 w 
a b c c 
1200 91.Ox 78.Oy 8.0u 6.5 u 45.7x 
a b c c 
X 43.2 33.1 4.8 3.5 
a b c c 
Average pH Level 7.3 7.1 6.3 6.0 
Means of pH level and rate of nitrogen application not followed by the same 
letter are significantly different at the 1% level. 
Means of replications not followed by same letter are significantly different 
at the 5% level. 
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Significant differences existed between the quantities of ammonia volatilized 
at pH 7.3 and pH 7.1 and between these pH's and the lower pH levels of 6.3 and 
6.0. No significant differences were found between the pH levels 6.0 and 6.3. 
An increase in rate of nitrogen application from 100 to 200 Ib/acre did not 
significantly increase the quantity of ammonia volatilized. As the rates of 
nitrogen application increased from 200 to 1200 Ib/acres, significant differences 
existed between the quantities of ammonia volatilized. When the quantity of 
ammonia loss at corresponding pH's with the presence of corn seedlings (Table 2) 
and tomato plants (Table 9) were compared, it is seen that tomato plants were 
unable to reduce the quantity of ammonia volatilized in the same capacity as 
corn seedlings. No toxic symptoms appeared on the tomato plants within the 
seven-day period, and the growth of both roots and shoots of the tomato plants 
did not fill the growing area of the 500ml flasks as the corn seedlings had done. 
Thus it seems the reduction in ammonia volatilization that occurred with corn 
seedlings present in the soil may occur with rapid growing plants only, though 
this needs to be investigated more thoroughly. 
Effect of Corn Seedlings and Ammonium Chloride on pH 
In addition to absorbing nitrogen, plants may reduce nitrogen loss through 
soil acidification following ammonium absorption of the ammonium ion, a 
decrease in the surrounding soil pH occurred. A further reduction in soil pH 
due to the following equation may occur: 
NH4CI ~^> NH3(gas) + H+ + Cl 
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Table 12 shows the acidifying effect of corn seedlings on the soil pH. These 
pH 's were obtained from the soil used to obtain the results expressed in Table 3. 
When corn seedlings were present in the soil over the pH range 5.7 to 7.4, the 
soil pH was reduced by 0.5 of a pH unit or less over all rates of nitrogen application. 
At pH levels above 7.2 the soil pH was found to be lower with the presence of corn 
seedling. Thus under conditions favorable for ammonium absorption, neutral pH 
values and th> ammonium ion not a rate limiting factor, ammonia volatilization 
would be reduced due to decreased activity of the hydroxyl ion. This would be 
in agreement with the work done with the bean plant by Barker et al. (10) in 
which uptake of ammonium was accompanied by an acidification of the medium. 
In Table 12 an acidifying effect on the soil occurred as the rates of nitrogen 
application increased from 100 to 1200 Ib/acre. Results of an experiment to 
further exemplify the acidifying effects of ammonium chloride are presented in 
Table 13. A pH range of 5.7 to 8.1 was produced by treating 160g of soil with 
CaO in the amounts of 1 to 8 tons/acre. Untreated soil was used to obtain the 
pH 5.7. The soil was placed in styrofoam cups and treated with ammonium 
chloride in the amounts of 100 to 1200 lb/acre. The soil v/as allowed to equili¬ 
brate for a period of one month at a temperature of 27°C. 
Thel00and200 Ib/acre rates of nitrogen application produced no significant 
differences on the soil pH. However, as the rates of nitrogen application increased 
from 200 to 1 200 Ib/acre, significant differences at the 1% level was observed in the 
soil pH. Significant differences existed between each lime application, indicating the 
lime was able to buffer the soiI pH with each increased appl ication. The soiI was leached 
to remove the excess ammonium salts with 100 ml of water. This raised the soil pH 0.3 of 
a pH unit or less. 
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From the results obtained, it is evident that pH, rate of nitrogen application, 
and the presence of corn seedlings had a pronounced effect on ammonia volatilization. 
From the findings of previous investigators it was generally accepted that losses of 
ammonia would increase with an increase in the pH of the soil, or an increase in the 
rate of nitrogen application. 
In the pH range that most agricultural crops are grown, 5.0 to 7.2, it was found 
that ammonia volatilization was less than 100 Ib/acre at all rates of nitrogen 
application. However, at pH values above 7.2, accelerated rates of ammonia 
volatilization were observed as the rates of nitrogen application and pH increased. 
This is in agreement with other workers who found an increase in ammonia volatili¬ 
zation occurred as the soil pH was increased by liming or as the rates of ammonium 
application were increased. Ernst et al. (32) argued that liming would cause an 
increase in soil pH by increasing the activity of the hydroxyl ion. Volk (74) also 
found that liming increased ammonia losses. In neutral and alkaline soils Chao 
et al. (24) found a shift in the equilibrium which favored the volatilization of 
ammonia. DuPlessis et al. (30) found that liming increased the activity of the 
hydroxyl ion which increased the volatilization of ammonia. Increased loss of 
ammonia has bden found by several investigators (25, 40, 49) as application of 
ammonium sulfate, anhydrous ammonia and urea were increased. 
Toxic symptoms were visually present on all corn seedlings receiving 
600 Ib/acre nitrogen or greater at the end of the seven-day period. A 
significant reduction in fresh and dry weights occurred with most corn seedlings 
cultured on these rates of nitrogen application. This was thought to be the 
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result of rapid uptake of ammonium by the corn seedlings. Turchin et al. (73) had 
found rapid utilization of entering mineral nitrogen for synthesis of amino acids in 
the roots of young oat plants. From the results, it appears that the large reduction 
in ammonia volatilization that occurred with corn seedlings is unique to rapid 
growing crops. 
A reduction in soi I pH was observed with the corn seedlings present in the 
soil at the time of nitrogen application. This is in agreement with Maynard et al. 
(51) and Kirkby et al. (41) who also observed a reduction in the pH of the plant 
medium when ammonium was the nitrogen source. This reduction in soil pH 
observed with the corn seedlings present at the time of ammonium application 
would reduce the quantity of ammonia volatilized due to decreased activity of 
the hydroxyl ion. 
Loss of nitrogen due to ammonia volatilization caused a reduction in soil pH 
due to increased activity of the hydrogen ions. This has been reported by several 
other investigators (34, 54). This again would reduce the quantity of ammonia 
volatilized due to decreased activity of the hydroxyl ion. 
55 
CONCLUSION 
The effects of pH, rate of nitrogen application, and the presence or absence 
of plants on the quantity of nitrogen volatilized from soil adjusted to desired pH 
levels and topdressed with ammonium chloride were studied. 
Investigation of the relationship between pH and ammonium revealed a 
direct relationship between the two factors on ammonia volatilization. 
Ammonia volatilization increased with increasing soil pH and with increasing 
concentrations of ammonium applied to the soil as ammonium ion was a rate 
limiting factor in the ammonium equilibrium equation, a significant reduction 
in ammonia volatilization occurred. This gives supporting evidence to various 
other workers who ascribed great prominence to the direct effect of pH and 
ammonium concentration in volatile loss of ammonia from the soil. 
With corn seedlings present in the soil the quantity of ammonia volatilized 
as ammonia gas was significantly reduced at all pH levels and over all rates of 
nitrogen applidation. This reduction in ammonia volatilization was directly 
related to uptake of the applied ammonium by the corn seedlings and a reduction 
in soil pH with the assimilation of ammonium ions. Hydrogen ions produced during 
ammonium assimilation by the following mechanism: 
NH| -NH3 + H+ 
have been found by Kirkby et al. (41) to reduce the pH of the nutrient medium. 
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This acidifying effect of ammonium assimilation was supported in this investigation. 
As the conditions for ammonium assimilation became favorable at neutral pH levels, 
the soil pH was reduced as the rate of nitrogen applications were increased from 
600 to 1200 Ib/acre. This would have reduced the quantity of ammonia volatilized 
by reducing the activity of the hydroxyl ion and favoring the ammonium form of 
nitrogen. 
The assimilation of ammonium by the corn seedlings reduced ammonia 
volatilization by decreasing the activity of the ammonium ion. Uptake of the 
ammonium ion at the 600 and 1200 Ib/acre level of nitrogen applications 
produced toxic symptoms in the corn seedlings. A reduction in fresh and dry 
weights of the corn seedlings occurred at these rates of nitrogen application. 
The larger quantities of ammonia were shown to be lost during the first three 
days of the seven-day experimental period. The influx of ammonium ions that 
occurred during this period was in toxic proportions at the 600 and 1200 Ib/acre 
rates of application. Optimum conditions for growth of the corn seedlings 
occurred at the 400 Ib/acre rate of nitrogen application. The fresh and dry 
weights of the corn seedlings at this nitrogen application were larger at all 
other rates. Total nitrogen determinations revealed that the corn seedlings 
absorbed nitrogen in much greater quantities than that accounted for in the 
reduction in ammonia volatilization when corn seedlings were present in the 
soil at the time of nitrogen application. 
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When the quantity of ammonia volatilized was compared with two plant 
species it was found that the reduction in ammonia volatilized occurred in 
larger quantities with corn seedlings than with tomato plants. This is explained 
by the rapid growth of the corn seedlings during the seven-day period and thus 
greater assimilation of ammonium than the slower growing tomato plants. 
Reduction in ammonia volatilization was also attributed to the acidifying 
effects of ammonium chloride. Increased application of ammonium chloride 
from 100 to 1200 Ib/acre produced increased acidification of the soil. This 
would reduce the activity of the hydroxyl ion and maintain more of the nitrogen 
in the ammonium form. 
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SUMMARY 
Studies were conducted to investigate the effect of pH, rate of nitrogen 
application, and the influence of plants in the soil on the quantity of ammonia 
volatilized. The following results were obtained: 
1) The quantity of ammonia volatilized from the soil is directly related to 
the activity of the hydroxyl and ammonium ion. 
2) An increase in the rate of nitrogen application decreased the pH of the 
soil. 
3) The presence of corn seedlings in the soil reduced the quantity of 
ammonia volatilized in two ways: 
a) Absorption of the ammonium ion 
b) Acidification of the soil medium 
4) The reduction in ammonia volatilization that occurred with the presence 
of a plant in the soil depends on the rate of plant growth. 
I 
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